Photon-spin qubit-conversion based on Overhauser shift of Zeeman energies in 

quantum dots 
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We propose a new method to realize a conversion of photon qubit and spin qubit using the 
effective magnetic field created by the nuclear polarization known as Overhauser field. We discuss 
its preliminary experiment on InAlAs/AlGaAs self- assembled quantum dot and also discuss effects 
of excitons which could destroy the conversion. 

PACS numbers: 78.67.Hc, 71.70.Ej 
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Recently, situation around quantum information pro- 
cessing has been greatly changed. Especially for quantum 
cryptography, node-to-node telecommunication over 100 
km is now possible^. One ultimate goal of the quantum 
information processing is the quantum computing 2 ^. Al- 
though the proposed application of quantum computer 
(QC) is still restricted to some special uses such as prime 
factorization^ and database search^, new attractive ones 
will come out when the practical hardware is realized. 
One of the candidates for a qubit of the quantum com- 
putation is the electron spinal (e-spin). Therefore, it 
is desirable to convert an electron-spin qubit to a pho- 
ton qubit. An immediate application is to realize the 
quantum repeater to multiply the distance of quantum 
telecommunication. Besides, if a large scale computation 
is realized using electron spins alone, then we can con- 
nect the e-spin QC to quantum network of photons. It 
is also possible that electron-qubits work as an interme- 
diator between photon qubits and nuclear-spin qubits. 
This could be an important application since the nuclear 
spin qubits with their ultra-long coherence is expected to 
work as memory qubits for any kind of QCs. 

Yablonovitch and coworkers^ have already proposed 
the qubit conversion between electron spins and pho- 
tons based on the selection rules of optical transitions 
in quantum wells and quantum dots using the "g-factor 
engineering-" . They also proposed a quantum repeater- 
based on this idea and using their e-spin QCii. Their 
idea of g-factor engineering is to chose proper semicon- 
ductor materials or their combinations to realize "zero 
g-factor" for electrons. By applying a static magnetic 
field, we can realize degenerate electron-spin states and 
non-degenerate hole states (see Fig. QJ. Therefore, we 
can transform a photon qubit to an electron-spin qubit 
multiplied by one of split hole states. 

a|0)+6|l)<^(a|4)+6|t))(8>|hole) 

Here, |0) and |1) are two basis of a photon qubit and |J.), 
|f) are up and down states of an e-spin qubit. 

One topic related to this is the electrical control 
of the g-factor using parabolic quantum welUS. Kato 
and coworkers^ showed that zero g-factor is actually 



realized for electrons by applying a proper voltage to the 
quantum well. Those ideas, though elegant, need special 
choices of semiconductor material and structures. It will 
be beneficial to have a more general way regardless of 
materials to make electron g-factor "effectively zero". 
Here we propose a new way using Overhauser shifti^ of 
Zeeman energies known also as the "dynamic nuclear 
polarization" . For this, all we need is the circularly 
polarized light and static magnetic field. 

Basic idea: Here we consider a In(Al)GaAs/GaAs 
quantum dot as an example. The basic idea is that the 
electrons feel both the external field and the nuclear field, 
that is the effective magnetic field caused by the nuclear 
spin polarization through the hyperfme interaction with 
electron spins, while the holes feel only the external field. 
Consequently, if we tune either the external field or the 
nuclear field such that they cancel each other, an elec- 
tron feels no magnetic field and a hole feels a non-zero 
field. Hence the situation of zero g-factor for electrons 
is effectively realized. Later, we will see that the 
nuclear field to holes does not have to be zero. It is suf- 
ficient that the nuclear fields for both carriers is different. 

Details of proposal: Hamiltonian for the electron- 
hole pairs including nuclear spins is writteni^i^ to the 
lowest order of electron and hole spins by, 

H = s e - fiB*g e ■ B + j h ■ 2kB + Hhf 

+ (spin — independent term) (1) 

Here, g e and k are diagonal tensors corresponding to 
Zeeman energies for an electron and a hole, and hyper- 
fine interaction between electron spin and nuclear spin is 
written as 
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using nuclear magnetic moment /ij and the effective field 
for the n-th nuclear spin I n , 
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where r n = r — R n is the position vector of electron 
(hole) measured from the n-th nucleus and Z, s are corre- 
sponding angular momentum and spin of an electron (a 
hole). Remembering that both electron and hole (heavy 
or light) have definite angular momentum / (0 for elec- 
tron and 1 for hole), s (=1/2), j (=3/2) and j z (±3/2 
for heavy holes and ±1/2 for light holes), we can project 
the effective field to the direction of j (s for electrons). 
Namely, 
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According to Abraghami^, 
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Here, ^4j-y is the average over electron (hole) wave func- 
tion. Note that the second term is for electrons and 
that the first term is for holes. Therefore, 
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Here, s e and jh indicate the electron spin and the to- 
tal angular momentum of a hole. After all, the spin- 
dependent terms of Hamiltonian is 
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The effective field to electron can be written in a fa- 
miliar form of contact term as 
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where (I n ) indicates the quantum mechanical average of 
nuclear spin, and and \t (R) are the envelope function 
and Bloch amplitude of an electron. Here, i indicates 
the nuclear site in a unit cell with volume Vq and the 
sum runs over all the nuclear site of a unit cell. 



If we apply an external field only in the v (v = x or z) 
direction, then (J„) and P ave are also in the ^-direction. 
Therefore, electrons feel the effective filed i? e // je , 

ge,v^BB e}S , e = ge. M ^BB ext + £ A i r ave (13) 

i 

On the other hand, holes feel the effective field, B e ff : h, 
2K v B ef f ih = 2n u B ext + £ -^j^bUi CM ( i4 ) 



(15) 



e,u^BB ex t + AiP ave — 0, 



electrons feel zero magnetic field. 

Then the splitting for holes given by eq. ^ is, using 
eq. 1151 in eq. 1141 and multiplying by 2 \ j z | , 
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for both heavy (|j z | = 3/2) and light (|j z | = 1/2) holes. 
Since the dipolar terms is usually much smaller than the 
contact term, the second term in the middle of ea. 1 161 can 
be neglected. However, we note that this term does not 
have to be negligible for our proposal. 

The resultant band diagram is just as shown by Fig.Q] 
(ref. Q) and Fig. [21 In Fig- the external field 

was applied to the z (growth) direction and photons 
are introduced in the x (layer) direction. In Fig. Q^b) , 
and Fig. the directions are exchanged. Here we have 
neglected an important effect of exciton which will be 
discussed later. 

Experiments: Recently, we have observed Over- 
hauser shift AiP ave in InAlAs QD grown by 

i 

Stranski-Krastanow mode of MBE 17 . The experi- 
ment demonstrated Overhauser energy of 19 /zeV which 
is controllable by the excitation polarization and more 
generally by "optical orientation^" . We have also 
observed for the structure that the heavy hole g-factor 
in the rr-direction is nearly equal to the electron ^-factor 
(more precisely, \g h h,x\ = \9e,x\ = 0.43). Here, HBghh.x 
is 4 \ j z \ k x (— 6n x ). Equation 1151 indicates that we can 
cancel the Overhauser field for electrons with B ext — 
0.74 T, and that we can create the energy splitting for 
holes as much as Overhauser shift, which is about 19 
/j,eV in Fig. [21 Although this is not a large energy, we can 
distinguish two hole levels with this separation since the 
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FIG. 1: Photon-spin qubit conversion using optical selection 
rule of electron-light hole transition. Electron spin states are 
degenerate due either to zero electron g-factor (refs. |fjj and 
9) or to the nuclear field (this study), i) Applied field is in 
the growth (z-) direction of a self-assembled quantum dot and 
photon is incident in x-direction. ii) Photon is incident in the 
z direction and the applied field is in the x direction. 
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FIG. 2: Photon-spin qubit conversion using optical selection 
rule of electron-heavy hole transition and nuclear field . Pho- 
ton is incident in the z-direction and the applied field is in 
the ^-direction. Here, Bm = AiP av£ / g e ^B indicates the 

i 

nuclear field to an electron. Dotted arrows indicate bright 
and dark excitons for the for the |J.) electron. 



intrinsic energy width of excitons are reported to be as 
small as 4 /xeV— . Here we note that the ghh,x is non-zero. 
This is quite in contrast to the quantum wells where the 
in-plane g-factor for heavy hole is zero 8 . However, Bayer 
and coworkers also observed non-zero ghh.x of —0.35 (g e ,x 
= —0.65) for their InGaAs self-assembled quantum do1j2£. 

Exciton effects: Here we discuss the excitonic ef- 
fect which is inevitable in the current structure. Un- 



fortunately, the structure cannot be used for the qubit- 
conversion due to the electron-hole exchange interaction 
of excitons. In the heavy-hole exciton formed in Fig. 
the exchange interaction splits of exciton states (with 
energy So) to the dark and bright excitons, correspond- 
ing to parallel and anti-parallel alignment of electron 
and hole spins (s e and jh), in the absence of magnetic 
field. This indicates that a photon with combination 
of right-circular polarization and left-circular polariza- 
tion is converted to combination of two bright excitons, 
a\s z = -1/2 > \ ]z = 3/2 > +b\s z = 1/2 > \j z = -3/2 > 
which is an entangled state of electron- hole pairs, and ob- 
viously neither a spin qubit of an electron nor of a hole 
can be factored out. Even in the presence of magnetic 
field, this situation persists as long as ghHBB ex t < 5q. 
In our measurements^, 8q= 39 jieY and gh^BB ex t = 
19 /xeV, and therefore, we are still in a region where 
bright and dark exciton persists and the qubit conver- 
sion does not work. Therefore, we should cither increase 
the nuclear polarization (currently on the order of 10 %) 
and resultant Overhauser shift or reduce the exchange 
energy. Apart from the self-assembled QDs, Gammon 
and coworkers reported^ the Overhauser shift of 90 fieV 
(nuclear polarization of 65 %) for the GaAs QD using 
the well width fluctuation of a GaAs/AlGaAs quantum 
well. Also, we can reduce the exchange interaction by 
spatially separating electron- hole pairs. The spatial sep- 
aration will also help to reduce the adverse effects of pos- 
sible anisotropic exchange interaction which couples the 
up and down spin states of an electron^. However, as the 
separation reduces the probability of optical transitions, 
optical cavity to enhance the optical transitions will be 
necessary. 

In summary, we proposed a new method to realize con- 
versions between a spin qubit and a photon qubit. The 
method uses Overhauser field by the nuclear polarization 
which is controlled by the external optical excitation, and 
is regarded to be more flexible than the previous pro- 
posal. 

The authors are grateful to Prof. K. Yoh of Hokkaido 
University for stimulating discussions. S. M. also thanks 
Ms. M. Konno for typing of mathematical formula. 
This work was partially supported by a Grant-in-Aid 
for Scientific Research in Priority Areas " Semiconductor 
Nanospintronics" of The Ministry of Education, Culture, 
Sports, Science and Technology, Japan. 



1 For example, H. Kosaka, A. Tomita, Y. Nambu, T. Kimura, 
K. Nakamura, Electronics Lett. 39 1199 (2003). 

2 R. P. Feynman, Opt. News 11, 11 (1985). 

3 D. Deutsch, Proc. R. Soc. London A 400, 97 (1985). 

4 P. W. Shor, in Proceedings of the 35th Annual Symposium 
on the Foundations of Computer Science (IEEE Comput. 
Soc. Press, Los Alamitos, CA, 1994), pl24. 

5 L. K. Grover, Phys. Rev. Lett. 79, 325 (1997). 



6 D. Loss and D. P. DiVincenzo, Phy. Rev. A 57, 120 (1998). 

7 H. Sasakura, S. Muto, and T. Ohshim a, Physica E 10 , 458 
(2001); H. Sasakura and S. Muto, quant-ph/9910100 

8 R. Vrijen and E. Yablonovitch, Physica E 10 569 (2001). 

9 H. Kosaka, A. A. Kiselev, F. A. Baron, Ki Wook Kim and 
E. Yablonovitch, Electron. Lett. 37 464 (2001). 

10 E. Yablonovitch, H. W. Jiang, H. Kosaka, H. D. Robinson, 
D. S. Rao, T. Szkopek, Proceedings of the IEEE 91, 761 



4 



(2003). 

11 R. Vrijen, E. Yablonovitch, K. Wang, H. W. Jiang, A. 
Balandin, V. Roychowdhury, T. Mor, and D. DiVincenzo, 
Phys. Rev. A 62, 012306 (2000). 

12 A. C. Gossard, IEEE J. Quantum Electron. QE-22, 1649 
(1986). 

13 Y. Kato, R. C. Myers, D. C. Driscoll,l A. C. Gossard, J. 
Levy, D. D. Awschalom, Science 299 1201 (2003). 

14 A. W. Overhauser, Phys. Rev. 92, 411 (1953). 

15 A. Abragam, The Principles of Nuclear Magnetism 
(Clarendon, Oxford, 1961), Chap. 6. 

16 M. Bayer, G. Ortner, O. Stern, A. Kuther, A. A. Gor- 
bunov, and A. Forchel, Phys. Rev. B 65 195315 (2002). 



T. Yokoi et. al., to be published. 

Optical Orientation, Modern Problems in Condensed Mat- 
ter Sciences Vol. 8, edited by F. Meier and B Zakharchenya 
(North- Holland, New York, 1984). 

D. Birkedal, K. Leosson, and J. M. Hvam, Phys. Rev. Lett. 
87, 227401 (2001). 

M. Bayer, O. Stern, A. Kuther, and A. Forchel, Phys. Rev. 
B 61 7273 (2000). 

D. Gammon, Al. L. Efros, T. A. Kennedy, M. Rosen, D. 
S. Katzer, and D. Park, S. W. Brown, V. L. Korenev and 
I. A. Merkulov, Phys. Rev. Lett. 86, 5176 (2001). 



